Purpose: Determine intra-and inter-examination repeatability of magnitude-based magnetic resonance imaging (MRI-M), complex-based magnetic resonance imaging (MRI-C), and magnetic resonance spectroscopy (MRS) at 3T for estimating hepatic proton density fat fraction (PDFF), and using MRS as a reference, confirm MRI-M and MRI-C accuracy. Methods: Twenty-nine overweight and obese pediatric (n = 20) and adult (n = 9) subjects (23 male, 6 female) underwent three same-day 3T MR examinations. In each examination MRI-M, MRI-C, and single-voxel MRS were acquired three times. For each MRI acquisition, hepatic PDFF was estimated at the MRS voxel location. Intra-and inter-examination repeatability were assessed by computing standard deviations (SDs) and intra-class correlation coefficients (ICCs). Aggregate SD was computed for each method as the square root of the average of first repeat variances. MRI-M and MRI-C PDFF estimation accuracy was assessed using linear regression with MRS as a reference. Results: For MRI-M, MRI-C, and MRS acquisitions, respectively, mean intra-examination SDs were 0.25%, 0.42%, and 0.49%; mean intra-examination ICCs were 0.999, 0.997, and 0.995; mean inter-examination SDs were 0.42%, 0.45%, and 0.46%; and inter-examination ICCs were 0.995, 0.992, and 0.990. Aggregate SD for each method was <0.9%. Using MRS as a reference, regression slope, intercept, average bias, and R 2 , respectively, for MRI-M were 0.99%, 1.73%, 1.61%, and 0.986, and for MRI-C were 0.96%, 0.43%, 0.40%, and 0.991. Conclusion: MRI-M, MRI-C, and MRS showed high intra-and inter-examination hepatic PDFF estimation repeatability in overweight and obese subjects. Longitudinal hepatic PDFF change >1.8% (twice the maximum aggregate SD) may represent real change rather than measurement imprecision. Further research is needed to assess whether examinations performed on different days Electronic supplementary material: The online version of this article
or with different MR technologists affect repeatability of MRS voxel placement and MRS-based PDFF measurements.
Key words: Proton density fat fraction-PDFFHepatic steatosis-Obesity-Intra-examination repeatability-Inter-examination repeatabilityMagnitude-based MRI-Complex-based MRIMagnetic resonance spectroscopy-Quantitative imaging biomarkers Proton density fat fraction (PDFF) is being developed as a non-invasive magnetic resonance (MR)-based quantitative imaging biomarker of hepatic steatosis [1] [2] [3] [4] . Hepatic PDFF may be estimated by magnetic resonance spectroscopy (MRS), magnitude-based MRI (MRI-M) or complex-based MRI (MRI-C). These techniques have the same underlying MR physics, and exploit differences in resonant frequencies between water and fat proton signals to quantitatively measure the proton density fatfraction [1, 2] .
MRS allows the water and fat peaks to be directly identified to calculate liver fat fraction. Advanced MRS techniques provide a T1-independent, T2-corrected estimate of PDFF by acquiring long TR spectra at multiple TEs in a single breath-hold [1] . MRS is considered the non-invasive reference standard for hepatic PDFF estimation [5, 6] , However, it requires expertise, can only be obtained at a limited number of locations in the liver, and lacks anatomic information [7] [8] [9] .
MRI-M and MRI-C are advanced chemical shiftbased techniques that separate the MR signal into its water and fat components by acquiring images at multiple TEs. To minimize confounders, they estimate PDFF by acquiring images with low flip angle to minimize T1 weighting and multiple echoes to permit measurement and correction of T2* decay [1, 2, 10] . The images are then reconstructed using a multi-peak fat spectral model to correct for the multi-frequency interference effects of fat protons [1, 2, 11] . MRI-C allows measurement of signal fat-fraction between 0% and 100%, while MRI-M can measure between 0 and~50% [1] . Both methods estimate hepatic PDFF accurately in children and adults, using MRS as a reference [7] [8] [9] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
In addition to demonstrating accuracy, imaging biomarker validation requires precision and repeatability [22] . Two kinds of repeatability for MR-based biomarkers have been described by Negrete et al. [21] : (a) Intra-examination repeatability, which refers to closeness of repeated measurements within a single MR examination (without subject or coil repositioning) under identical conditions and (b) Inter-examination repeatability, which refers to closeness of repeated measurements made in different MR examinations (with both subject and coil repositioning) over a time frame in which physiologic conditions are assumed constant.
While intra-examination repeatability has been reported for MRI-M and MRS at both 1.5 and 3T [8, 9] , and inter-examination repeatability has been demonstrated for MRI-M (3T) [21] , MRI-C (1.5T) [23] , and MRS (1.5T) [23] , they have not been directly compared in the same cohort. Hence, the purpose of this study was to compare intra-and inter-examination repeatability of MRI-M, MRI-C, and MRS at a single site, in a single subject cohort. Our secondary aim was to confirm accuracy of MRI-M and MRI-C, using MRS as a reference.
Methods
This prospectively designed, cross-sectional, single-site observational clinical study was approved by an Institutional Review Board and was compliant with the Health Insurance Portability and Accountability Act (HIPAA).
Pediatric and adult subjects were recruited from August to October 2009 by physician referral from hepatology and obesity clinics, and self-referral in response to informational flyers posted at our institution. Eligibility criteria were body mass index (BMI) greater than 28 kg/ m 2 , age ‡8 years, and willingness to participate. Subjects with contraindication to MR, known claustrophobia, or pregnancy were excluded. Adult subjects gave informed consent; pediatric subjects gave assent with parental informed consent. Age, sex, and BMI were recorded.
Twenty-nine subjects meeting eligibility criteria were enrolled (mean age 24 
MR examinations
Subjects were scanned supine with an eight-channel torso phased-array receive surface coil at 3T (GE Signa EX-CITE HDxt, GE Medical Systems, Milwaukee, WI) by one of two MR technologists. For any given subject, the technologist was the same. A dielectric pad was placed between the surface coil and abdominal wall. Subjects underwent three consecutive, same-day MR examinations over a 75-to 90-min period (Fig. 1) . Each examination was~20 min long and included three MRI-M, three MRI-C, and three MRS acquisitions. Between examinations, subjects were removed for 5-10 min, and then repositioned on the scanner table; the phased-array surface coil was reattached, the dielectric pad repositioned, and the next examination performed [15] . A 3 9 3 9 3 acquisition design was used because three measurements are the minimum required for a nontrivial estimation of variance. Using this design, we had an adequate number of measurements to assess both inter-and intra-examination variability. Techniques are summarized below; additional details are provided in the Supplement.
MRI-M
MRI-M was performed as described previously [9, 15] . Briefly, a two-dimensional multi-echo spoiled gradientrecalled echo (SPGR) sequence with low flip angle (10°) was acquired with >125-ms repetition time (TR) in a single 18-to 30-s breath-hold. Six echoes were obtained per TR at serial, nominally in-and out-of-phase echo times (TEs) of 1.15, 2.3, 3.45, 4.6, 5.75, and 6.9 ms. Source images were processed offline using a custom plug-in open-source Osirix algorithm (Osirix Foundation, Geneva, Switzerland) to generate PDFF maps [20] . Correction was made for confounding effects due to exponential T2* decay. A spectral model was applied to address the multi-frequency interference effects of protons in fat [9] .
MRI-C
MRI-C was performed as described previously [10] . Briefly, an investigational version of a water-fat separation method [Iterative Decomposition of water and fat with Echo Asymmetry and Least-squares estimation (IDEAL)] was implemented as a three-dimensional multi-echo SPGR sequence with low flip angle (3°) at 7-ms TR in a single 21-s breath-hold with two-dimensional Autocalibrating Reconstruction for Cartesian imaging, and with an effective net acceleration factor of 2.2. Six echoes were obtained per TR at TEs of 1.0, 1.8, 2.6, 3.4, 4.2, and 5.1 ms. Images were processed online with an investigational IDEAL algorithm that generated water and fat images from complex source data using a regiongrowing approach to avoid water-fat swapping [14] . Correction was made for confounding effects due to exponential T2* decay [10, 11, 23] , noise bias [24] , and eddy currents [25] . The same spectral model was applied as for MRI-M [19, 21, 26] . PDFF maps were generated from corrected water and fat images as [F/(F + W)].
MRS
Avoiding major vessels, bile ducts and liver margins, a single 20 9 20 9 20 mm voxel was placed in the right hepatic lobe (Couinaud segments V-VIII) for the first MRS acquisition of the first MR examination, and duplicated on the first MRS acquisition of the second and third examinations using internal landmarks for guidance. The MRS voxel was shimmed automatically, and its location was overlaid on the corresponding axial localization image, and saved for imaging-spectroscopy co-localization. Shimming was redone at the beginning of each examination. MRS was performed as described previously [9, 14] . Briefly, a stimulated-echo acquisition mode (STEAM) sequence was acquired with long TR (3500 ms) and 5-ms mixing time. Five STEAM spectra were acquired at TEs of 10, 15, 20, 25, and 30 ms in a single 21-s breath-hold. Signals recorded at eight array elements were combined by singular value decomposition, and saved for offline analysis [9] .
MR analysis MRI-M and MRI-C
A single MRI analyst (trained research fellow, 6 months experience) manually placed a 20-mm diameter circular region of interest (ROI) on an out-of-phase image (fifth echo, TE = 5.75 ms) for MRI-M, and on a water image for MRI-C, co-localizing each ROI to the center of the MRS voxel based on anatomic landmarks. For each MRI method, the ROI was propagated to the corresponding PDFF map for the same slice, the slice below and the slice above. Thus, for each MRI method, PDFF values for three ROIs were calculated, centered on the MRS voxel, and the mean of those three values was considered the PDFF estimate for each acquisition [14] . ROIs were placed on anatomic images rather than PDFF maps to avoid potential feedback bias.
MRS
MR spectral analyses were performed as per Hamilton et al. [27, 28] using the Advanced Method for Accurate, Robust and Efficient Spectral fitting of MRS data (AMARES) included in Java-based magnetic resonance user interface software (http://sermn02.uab.es/mrui) [29, 30] .
As described previously, T2-corrected areas of the water (4-6 ppm) and the fat (0-3 ppm) were estimated as there is insufficient spectral resolution in vivo to accurately characterize the individual fat peaks, or to distinguish water from two nearby fat peaks. The contribution to the water peak from neighboring fat peaks was corrected using a previously derived fat spectrum post-T2 correction, which reassigned these fat peaks from water to fat signal.
The MRI analyst and the MR spectroscopist were blinded to each other's results. There were three MRI-M, three MRI-C, and three MRS acquisitions in each of the three MR examinations, and so a total of nine MRI-M, nine MRI-C PDFF, and nine MRS PDFF values were recorded per subject.
Statistical analyses
Statistical analyses were performed by a team of a staff and a faculty biostatistician, using R version 3.0.2 (R Foundation for Statistical Computing, Vienna, Austria, 2013).
Intra-examination repeatability
For each method (MRI-M, MRI-C, and MRS), the SDs of the PDFF values for the three acquisitions within each examination were calculated and their mean (intra-examination SD) was computed for each subject; the mean intra-examination SD across all subjects was then calculated. Intra-class correlation (ICC) for the three acquisitions within each MR examination, and their mean (intra-examination ICC) were computed for each method.
Inter-examination repeatability
For each method, the mean PDFF value for the three acquisitions within each MR examination, and their SD (inter-examination SD) was computed for each subject; the mean inter-examination SD across subjects was then calculated. The inter-examination ICC for each method was computed using the first acquisition of each MR examination.
Aggregate SD
For each subject and each method, the variance of the three first repeats was computed. For each method, aggregate SD, an estimate of overall average inter-exam variability of the sample, was defined as the square root of the average of the first repeat variances.
Comparison across methods
Inter-and intra-examination SDs were compared pairwise across methods using paired t-tests. ICCs of each method were compared pairwise using a bootstrap-based test. Bonferroni adjustment for multiple comparisons was applied to each set of three comparisons.
Accuracy
To assess MRI-M and MRI-C accuracy relative to MRS, MRS was modeled as a function of MRI-M or MRI-C in separate linear regressions. Four accuracy metrics were obtained for the first acquisition of the first MR examination: intercept and slope of the regression line, average bias (square root of the mean squared difference between the regression line and the identity line), and regression coefficient of determination (R 2 ). Bootstrap-based confidence intervals were computed around each accuracy parameter. Bootstrap-based tests with piece-wise Bonferroni adjustment were used to compare MRI-M and MRI-C accuracy parameters.
Results

Intra-examination repeatability
Mean intra-examination SDs were 0.25, 0.42, and 0.49%, for MRI-M, MRI-C, and MRS, respectively ( Table 2) . Intra-examination SD of MRI-M was lower than that of MRI-C (p = 0.0014) and MRS (p < 0.0001), but intraexamination SDs of MRI-C and MRS were not significantly different (p = 0.192). A representative example is shown in Fig. 1 in a 14-year-old boy, demonstrating the high intra-examination repeatability using the different methods.
Mean intra-examination ICCs for MRI-M, MRI-C, and MRS were 0.999, 0.997, and 0.995, respectively. Intra-examination ICC of MRI-M was higher than that of MRI-C or MRS (p < 0.0001 in both cases), but intraexamination ICCs of MRI-C and MRS were not different (p = 0.45).
Inter-examination repeatability
Mean inter-examination SDs were 0.42%, 0.45%, and 0.46% for MRI-M, MRI-C, and MRS, respectively (Table 2 ). There were no significant differences between them. MRI-M vs. MRI C: p = 0.697, MRI-M vs. MRS: p = 0.654, MRI-C vs. MRS: p = 0.992. A representative example is shown in Fig. 2 in the same 14-year-old boy, demonstrating the high inter-examination repeatability using the different methods.
Inter-examination ICCs for MRI-M, MRI-C, and MRS were 0.995, 0.992, and 0.990, respectively. Interexamination ICC of MRI-M was higher than that of MRS (p < 0.001). Inter-examination ICC of MRI-C was not different from MRI-M or MRS (p = 0.34 and 0.9, respectively).
Aggregate SD
The aggregate SDs for MRI-M, MRI-C, and MRS were 0.64, 0.89, and 0.88%, respectively. Values in brackets are 95% confidence intervals, parametric for SDs, bootstrap for ICCs MRS = magnetic resonance spectroscopy; MRI-M = magnitude-based magnetic resonance imaging; MRI-C = complex-based magnetic resonance imaging; SD = standard deviation; ICC = intraclass correlation coefficient
Accuracy
Regression slope, intercept, average bias, and R 2 were, respectively, 0.99%, 1.73%, 1.61%, and 0.986 for MRI-M, and 0.96%, 0.43%, 0.40%, and 0.991 for MRI-C (Fig. 3) . Intercept and average bias of MRI-C were lower than for MRI-M (p = 0.004 and p < 0.001, respectively; Bonferroni-adjusted p < 0.05), but slope and R 2 were not significantly different (p = 0.014 and p = 0.96, respectively; Bonferroni-adjusted p > 0.05 in both cases).
Discussion
As MR usage for detection and quantification of fatty liver disease has spread, need has grown for a reliable fat quantification method that is reproducible across platforms and robust to imaging parameters and techniques. Intra-examination repeatability has been reported for MRI-M and MRS at both 1.5 and 3T [8, 9, 12, 16] , and inter-examination repeatability has been demonstrated for MRI-M (3T) [21] , MRI-C (1.5T) [26] , and MRS (1.5T) [26] . MR-based estimation of PDFF has shown to be equivalent with MRI-C and MRI-M across 1.5 and 3T [12] , and across different platforms [15] .
We performed a prospective, cross-sectional, singlesite clinical study in overweight and obese children and adults to estimate intra-and inter-examination repeatability of MRI-M, MRI-C, and MRS to estimate hepatic PDFF. We kept as many variables constant as possible, using the same scanner, surface coil, dielectric pad, MR, MRI analyst, and spectroscopist across examinations. We also performed the examinations on the same day. Doing so allowed us to keep interpretation of variability focused strictly on inter-and intra-examination repeatability. We also assessed the accuracy of MRI-M and MRI-C to confirm prior reports.
We found both MRI methods to have high intra-and inter-examination repeatability, with standard deviations below 0.5% and ICCs above 0.990 for all analyses. Intraand inter-examination repeatability were similar, suggesting that variability introduced by subject and coil positioning was negligible. Although intra-examination SDs were lower for MRI-M, this was unlikely to be clinically meaningful as SDs for both MRI methods were below 0.5%. Finally, we confirmed that MRI-M and MRI-C accurately estimated hepatic PDFF, using MRS as a reference.
The high intra-and inter-examination repeatability observed in this study is in accord with previously published studies that separately assessed but did not directly compare MRI-M and MRI-C. Those studies reported intra-examination SDs of <1% for MRI-M and MRI-C [8, 9] , and inter-examination SDs of <1% for MRI-M [21] and MRI-C [26] . Additionally, using MRS as a reference, high PDFF estimation accuracy was confirmed for both methods, also as previously reported [7, 8] .
The aggregate SD <0.9% for all three methods suggests that in longitudinal studies, a change in hepatic PDFF >1.8% (i.e., >twice the conservatively chosen maximum aggregate SD), represents true change rather than measurement imprecision. This is similar to the 1.6% value reported by Negrete et al. [21] for MRI-M. However, these values are estimates based on cross-sectional aggregate SDs, which assume that measurement techniques remain stable over time, and that there is no temporal variability in true hepatic PDFF. For these reasons, values should be applied with caution in designing longitudinal clinical trials. A better estimate of longitudinal variability, addressing the possibilities of both temporal drift in measurement technique and temporal variability in true hepatic PDFF, would require a longitudinal design with assessment of measurement repeatability on different days, diurnal variation in hepatic PDFF, and physiologic effects of feeding, hydration, exercise, and other potential factors.
A strength of this study was that it enrolled a cohort of overweight and obese pediatric and adult subjects with a clinically relevant PDFF range. Another strength was that our study was the first to directly compare repeatability and accuracy of MRI-M, MRI-C, and MRS in the same subject cohort and imaging setting.
Although we found inter-examination MRS repeatability to be similar to that for MRI-M and MRI-C, it is possible that our study design, with a short time interval between MR examinations and performed by the same technologist, led to overestimation of MRS repeatability. It is conceivable that MRS voxel placement would be less consistent on examinations performed on different days or by different technologists, which could impact repeatability.
Another limitation of our study was that we evaluated repeatability only at the MRS voxel location. However, Negrete et al. recently showed high inter-examination repeatability of MRI-M across all nine Couinaud segments [21] . While it is likely that MRI-C also shows high inter-examination repeatability across hepatic segments, this has not yet been empirically assessed. Also, precision has multiple components, many of which were not addressed, but which could be evaluated in future studies. These include intra-technologist and intra-reader repeatability, and inter-technologist and inter-reader reproducibility.
In conclusion, our findings show that MRI-M, MRI-C, and MRS have high intra-and inter-examination repeatability in estimating hepatic PDFF. Using MRS as a reference, MRI-C may be slightly more accurate than MRI-M, but the difference is small and unlikely to be clinically meaningful. Hence, we suggest both MRI methods as suitable for longitudinal monitoring in clinical trials. Based on inter-examination aggregate SDs, changes in PDFF >1.8% may represent true change rather than measurement imprecision, although this should be confirmed in a longitudinal study. Further research is needed to assess whether examinations performed on different days or with different MR technologists affect repeatability of MRS voxel placement and MRS-based PDFF measurements.
